Introduction
Damage in a laminated composite plate due to a transverse impact is a complex phenomenon involving several mechanisms such as fibre breakage, matrix cracking, and delamination. Characterization of the damage resistance of a composite material is limited due to the absence of accepted parameters. Recent efforts have been made by numerous researchers, including Straznicky and Vietinghoff [1] , to determine standardized test methods which will allow a prediction of the damage state for a given impact condition. A number of parameters have been proposed to characterize impact damage including absorbed energy, impact force, and indentation depth. To date, no single parameter has been found which will completely characterize impact damage. One reason for this finding is the variability of delamination area with laminate stacking sequence for composite plates with the same material properties. The delamination area within a given ply interface is found to vary based on the angle between the fibre orientations of the top and bottom laminae bounding the interface. In addition, the delamination area within a ply interface increases as the distance between the interface and the impacted side increases; a pattern which is often observed in fractographs (see Fig. 3 ).
The development of a method to predict delamination area with respect to stacking sequence will improve damage resistance characterization. A method proposed by Liu [2] links the size and shape of the delamination to the mismatch of bending stiffness between the top and bottom plies of an interface. The bending stiffness mismatch method is examined in this paper to determine its ability for predicting delamination area through thickness for a laminated plate.
Theory
Liu proposes that delamination which develops within a ply interface can be described using the global bending properties of the laminate as opposed to the stress distribution resulting from impact. The shape of the delamination is related to a bending stiffness mismatch coefficient M: (2) For laminates which satisfy 9t -9b + 90 0 , the mismatch coefficient M can be shown to reduce to M = cos 29. Polar plotting M versus angle 9 will give the characteristic peanut delamination shape, as shown in Fig. 1 for [90/0] laminate. Liu hypothesizes that when M is positive, the difference in deflections between the upper and lower plies creates tensile forces such that there is a tendency for two laminae to separate, promoting delamination. Thus, the region surrounded by the solid line in Fig. 1 represents the relative delamination area. Note that the longitudinal axis of the delamination is oriented parallel to the direction of the lower ply, consistent with experimental observations [3] . Liu tested his hypothesis by impacting several [0./9 4 ] graphite/ epoxy specimens at various ply angles 9 and was able to predict the size and shape of the delaminations. The bending stiffness mismatch method provides reasonable predictions for the relative delamination size and shape for two-ply laminates. However, extending the method to multi-ply laminates proves difficult for a number of reasons as discussed below.
A direct extension of the method to multi-ply laminates will not necessarily give the expected delamination shape. Computation of the top and bottom stiffness coefficients D)) at a given interface in Eq. (1) would now involve summing the stiffness of each lamina above and below the delamination respectively. Since the interface is no longer limited to the midplane of the laminate, the difference of bending coefficients may be skewed to give incorrect results when calculating coefficient M. As an illustration, the characteristic top and bottom bending stiffnesses at the lowest interface of a [45/-45Js laminate were calculated and are plotted in Fig. 2 . When the mismatch coefficients M are calculated, the values are all negative and the longitudinal axis of the delamination shape is oriented in the -45 0 direction, not the +45 0 direction as would be expected.
An alternative approach to extending the method would be to use a ratio of bending stiffness coefficients below and above the interface to scale the size of the delaminations. The shape and orientation of the delaminated area would be predicted by Liu's two-ply mismatch theory. The predicted area would then be multiplied by the stiffness ratio to give the actual size of (3) delamination within a given interface of the laminate. The bending stiffness coefficient ML[i l for the ith interface would be now given by:
where Db' D, are the stiffness coefficients for the bottom and top laminae groups respectively, and a, b are constants. Coefficient M is calculated using Eq. (1), assuming the top and bottom plies adjacent to the interface form a two-ply laminate. This approach would avoid the skewing effects associated with a direct extension of the mismatch method as described earlier. A similar stiffness ratio was used by Wu and Springer [4] to give reasonable predictions of delamination size.
On comparison to experimental data [1] , this approach was also found to be inadequate to predict delamination size through thickness. Several 102 mm by 152 mm Toray T800H/3600-2 coupon specimens were impacted and assessed for damage. Impact tests were conducted in accordance with Boeing Specification BSS 7260 [5] . The specimens were supported along all edges and lightly secured using four rubber-tipped clamps to prevent rebounding during impact. This configuration simulates a simply supported edge condition. The size and shape of the delaminations were determined using fractographic and time-of-flight C-scan analysis. A typical fractograph through the centre of impact along the 0°fibre direction is shown in Fig. 3 Reasonable predictions of delamination lengths are obtained at interfaces which have a bottom ply angle of 0°using b -1/3. However, delamination predictions at other interfaces are not as good. The variation between experimental and predicted lengths of delaminations oriented at angles other than 0°can be attributed to the inaccurate modelling of delamination shape. From C-scans of impacted specimens, the delamination area was observed to be circular wedges rather than "peanut-shaped" as predicted by the bending mismatch theory. This observation is consistent with those reported by Gosse and Mori [6] . In addition, no delaminations occurred in the region underneath the impact site, as seen in Fig. 3 , due to the compressive forces generated during the impact event. The bending mismatch theory does not account for this phenomenon.
Constants a and b in Eq. (3) which were used to give good agreement between predicted and experimental values for a particular layup were found not to give accurate predictions of delamination sizes for other layups. As an illustration, the values of a and b used to predict delaminations in Fig. 4 were then used to predict delaminations for a [60/30101-301-60/90]2s layup. When compared against experimental data, as shown in Fig. 5 , the correlation is poor. This finding places limitations on this method for predicting delaminations within arbitrary layups. Using the bending stiffness mismatch method to predict delamination area with respect to changes in global thickness also gives poor correlation. Liu predicted that the delamination area is proportional to the cube of the thickness of the laminate, a consequence of Eq (2) . From experimental tests performed by Liu [2, 7] , delamination area was found not to follow a cubic relationship. One possible explanation for this discrepancy is that the local contact stiffness underneath the point of impact and membrane stiffness have more predominate roles in determining the delamination area within the laminate. As thickness increases, the stresses promoting delamination change from bending and membrane stresses to contact stresses at the point of impact. Thus, bending stiffness would be insufficient to predict delamination area with respect to global thickness; a combination of bending, contact, and membrane stiffness may be required.
From the discussion above, the use of bending stiffness was found to be inadequate to describe the characteristics of delamination damage due to impact. The effects of varying global thickness and stacking sequence on the delamination damage pattern could not be accounted for by solely using the bending stiffness properties of the laminate. A combination of several parameters may be required to model delaminations within a laminated plate resulting from an impact response.
